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a b s t r a c t
Radiation therapy is an establishedmethod of cancer treatment. New technologies in cancer
radiotherapy need a more accurate computation of the dose delivered in the radiotherapy
treatment plan. This study presents some results of a Geant4-based application for simu-
lation of the absorbed dose distribution given by a medical linear accelerator (LINAC). The
LINAC geometry is accurately described in the Monte Carlo code with use of the acceler-
ator manufacturer’s speciﬁcations. The capability of the software for evaluating the doseGeant4
Radiotherapy
Linear accelerator
Depth-dose curve
distribution has been veriﬁed by comparisons with measurements in a water phantom; the
comparisons were performed for percentage depth dose (PDD) and proﬁles for various ﬁeld
sizes and depths, for a 6-MV electron beam. Experimental and calculated dose values were
in good agreement both in PDD and in transverse sections of the water phantom.
© 2010 Greater Poland Cancer Centre, Poland. Published by Elsevier Urban & Partner Sp.1. Introduction
In recent years, the accuracy of dose calculation has improved
together with the computing power available for radiotherapy.
The Monte Carlo method has been considered as an alterna-
tive to analytical methods for treatment planning in cancer
radiotherapy.1,2
The feasibility of beam modelling for radiotherapy plan-
ning has to be demonstrated by calculation of dose
distributions and their comparison to measurements. Sim-
ple beam models are used as an effective and rapid way of
calculating dose distributions in an irradiated medium.In the presentwork, the depth-dose distributionwas repro-
duced based on a Geant4 (Geometry And Tracking, Version 4)
Monte Carlo method. The Geant4 Simulation Toolkit3,4 was
∗ Corresponding author. Fax: +98 21 44869728.
E-mail addresses: sardari@srbiau.ac.ir, dariush.sardari@gmail.com
1507-1367/$ – see front matter © 2010 Greater Poland Cancer Centre, Poland
doi:10.1016/j.rpor.2010.03.001z.o.o. All rights reserved.
ﬁrst used in 1994 in a research project for a new general pur-
pose simulation code for high energy physics. As one of the
ﬁrst large object-oriented software applications in physics,
Geant4 has become the standard simulation package for most
HEP experiments, including three of the four experiments at
the Large Hadron Collider (LHC).
However, the use of Geant4 is increasing rapidly. For medi-
cal physics applications, this code has some advantages over
other codes such as EGSNRC, XVMC, MCNP, PENELOPE, and
FLUKA.4
Geant4 can handle all types of particles, and it is able to
handle complex geometries. Geant4 offers the most ﬂexible(D. Sardari).
geometry description among all Monte Carlo codes. Another
appealing characteristic of Geant4 is its use of modern pro-
gramming techniques (object-oriented, C++); all other codes
currently in use are in FORTRAN. Another unique aspect of
. Published by Elsevier Urban & Partner Sp. z.o.o. All rights reserved.
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Fig. 2 – (a) Depth-dose proﬁle. (b) Lateral dose proﬁles at 50,
100, and 200mm depth for the 5 cm×5 cm ﬁeld, with theig. 1 – Structure of gantry in Siemens Primus linear
ccelerator, for 6-MV beam.
eant4 is that it canmodel sources and geometries inmotion,
uch as the rotating parts of an IMRT (intensity modulated
adiation therapy) beam line, dynamic MLCs (multi-leaf colli-
ators), a brachytherapy source moving through a catheter,
oving parts of imaging systems, and even the motion of
atient organs due to respiration, etc.5
Geant4 has the ability to handle both electric andmagnetic
elds. This can be helpful in simulation of novel, real-time
maging and treatmentmodalities where the treatment is per-
ormed in the presence of a magnetic ﬁeld. Finally, Geant4 is
pen access and the source code is freely available.6 It is dis-
ributed to the user who is welcome not only to add a user
ode, but to modify the source code and even to repackage,
edistribute or sell the modiﬁed source code.
. Materials and methods
n this study, we simulated the head of a clinical linear accel-
rator (Siemens Primus) based on the manufacturer’s detailed
nformation by use of Geant4 Monte Carlo code.
Geant4 was developed at CERN for use with the LHC and is
n object-oriented7,8 Monte Carlo simulation toolkit. Geant4
as developed to simulate the passage of particles through
atter. It contains a large variety of physics models, cover-
ng the interactions of electrons, muons, hadrons, and ions
ith matter from 250eV up to several peta-electron volts
1 PeV=1015 eV).8,9
In the present study we developed a dedicated program in
++ language using Geant4 libraries that enables us to simu-
ate the gantry of a Siemens Primus LINAC.
.1. Simulation of the Siemens Primus accelerator
antry
he components of a linear accelerator for a 6-MV photon
eam are shown in Fig. 1. In external radiotherapy, the X-6-MV beam. The blue lines refer to measured data; red dots
refer to Geant4 Monte Carlo results.
ray treatment ﬁelds are usually delivered by a medical linear
accelerator. Electrons are accelerated inside a waveguide up
to the desired treatment energy, in this case approximately
6MeV.
Target: The target createsBremsstrahlungX-rayswitha thin
tungsten disk of approximately 1mm height. The remaining
primary electrons are absorbed in a graphite absorber inside
the target. The target is of cylindrical design with a height
of about 1.5 cm and a diameter of approximately 3 cm. The
parameters of the primary electron beam hitting the target,
including its energy, angular distribution, and spatial distri-
bution, were chosen in order to minimize the discrepancies
between simulation results andmeasureddata. For theGeant4
code, we chose a parallel electron beam hitting the target with
a Gaussian energy distribution with variance  =0.127MeV.
Primary collimator: The primary collimator was made of
tungsten. Basically it is a cylinderwith cylindrical holes drilled
into it. The primary collimator absorbs photons that are
66 reports of practical oncology and radiotherapy 1 5 ( 2 0 1 0 ) 64–68
Fig. 3 – (a) Depth-dose proﬁle. (b) Lateral dose proﬁles at 50,
100, and 200mm depth for 10 cm×10 cm ﬁeld with a 6-MV
beam. The blue lines refer to measured data, and red dots
Fig. 4 – (a) Depth-dose proﬁle. (b) Lateral dose proﬁles at 50,
100, and 200mm depth for 20 cm×20 cm ﬁeld, with 6-MVrefer to Geant4 Monte Carlo results.
scattered outside the clinically used treatment ﬁeld. Located
directly beneath the target, its height is about 6.2 cm, and the
outer diameter is about 7 cm.
Flattening ﬁlter: The ﬂattening ﬁlter was made of stainless
steel. It was attached to the lower end of the primary colli-
mator. It is conically shaped and ends in a ﬂat disk. Because
the spectral distribution of the Bremsstrahlung has an angu-
lar dependence, the dose distribution has a strong peak at
the central axis. The ﬂattening ﬁlter is used to create a ﬂat
dose proﬁle. Flattening ﬁlters have a major inﬂuence on the
photon ﬁeld. They scatter photons, they reduce themean pho-
ton energy by pair production and Compton scattering, they
absorb low-energy photons and therefore harden the beam,
they reduce the overall intensity of the photon beam, and they
contaminate the photon ﬁeld with secondary electrons. The
overall height of the 6-MV ﬂattening ﬁlter of the Primus LINAC
is close to 1.8 cm.beam. The blue lines refer to measured data, red dots refer
to Geant4 Monte Carlo results.
Jaws: Jaws are used for ﬁeld shaping. The pair of jaws was
made of tungsten. The jaws had a thickness of 7.8 cm.
2.2. Simulation of dose distribution in the water
phantom
A water phantom with dimensions of 30 cm×30 cm×30 cm
was simulated under the gantry with a source-surface dis-
tance (SSD) of 100 cm. The phantom was divided into voxels,
with each voxel’s dimensions being 1mm×1mm×1mm, in
which we collected the energy deposited to calculate the rel-
ative dose absorbed in the phantom. The percentage depth
dose (PDD) and beamproﬁleswere calculated in awater phan-
tom for different ﬁeld sizes. We then compared them with
measurements for validation of our Monte Carlo model. All
calculations were performed by two quad core CPU (8CPU)
servers composed of eight 3.2GHz INTEL processors. The
d radiotherapy 1 5 ( 2 0 1 0 ) 64–68 67
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Fig. 5 – Depth-dose curve for the 30 cm×30 cm ﬁeld, with areports of practical oncology an
pproximate run time was 140h for 109 photons. The mea-
urements of both depth-dose curves and lateral dose proﬁles
or the square ﬁelds were made with a diode (Si–P) type
etector (PFD3G, Scanditronix/Wellhofer) with thickness of
ctive volume 0.06mm and diameter of active area 2mm.
he diode was mounted on a computer controlled scan-
ing system (RFA300-System, Scanditronix/Wellhofer). The
ncertainty of the position accuracy of the scanning system
rovided by themanufacturer was ±1mm. All of themeasure-
ents were obtained at SSD of 100 cm. For all measurements
ith the water tank scanning system, a Scanditronix elec-
rometer was used, and the data collection was governed by
mniPro-Accept (Medical Physics Tool) software from Scan-
itronix/Wellhofer.
The LINAC was simulated for 6-MV X-rays and PDD curves,
nd beam proﬁles with different ﬁeld sizes were calculated
nd compared with measurements.
To obtain accurate results from Monte Carlo simula-
ions in radiotherapy calculations, precise modelling of the
INAC gantry and a sufﬁciently large number of particles are
equired. In order to obtain similar standard deviations the
umber of primary events needed for ﬁelds of larger size is
maller than that for narrow ﬁelds: 4×109 primary electrons
or a 5×5 cm2 ﬁeld, 3×109 electrons for a 10×10 cm2 ﬁeld,
×109 primary electrons for a 20×20 cm2 ﬁeld and 109 pri-
ary electrons for a 30×30 cm2 ﬁeld.
The most common variance reduction method is energy
ut-off. Cut-off energy is the energy at which the Monte Carlo
imulation stops transport of the particle if the particle’s
nergy falls below the cut-off value. In all simulations, the
nergy cut-offs were 0.7MeV for electrons and 0.01MeV for
hotons.
. Results
ata concerning the depth-dose curves were normalized to
heir maximum value at a depth Z=15mm and lateral proﬁles
btained with experimental measurements were normalized
o the mean value in the ﬂat zone of the lateral dose at depth
=50mm.
ieldSize 5 × 5 cm
In Fig. 2, experimental measured data and Geant4 Monte
arlo simulation results are shown. Fig. 2(a) shows the depth-
ose curves, and in Fig. 2(b), the lateral dose proﬁles at 50, 100,
nd 200mm depth, for the 5 cm×5 cm ﬁeld, are shown for the
-MV beam and SSD=100 cm.
ield Size 10 × 10 cm
In Fig. 3, we show experimentally measured data and
eant4 Monte Carlo simulation results. Fig. 3(a) shows the
epth-dose curves, and Fig. 3(b) shows lateral dose proﬁles
t 50, 100, and 200mm depth, for the 10 cm×10 cm ﬁeld, with
he 6-MV beam (SSD=100 cm).ield Size 20 × 20 cm
In Fig. 4, we show experimentally measured data and
eant4 Monte Carlo simulation results. Fig. 4(a) shows the
epth-dose curves, and Fig. 4(b) shows lateral dose proﬁles6-MV beam. The blue line refers to measured data, the red
line refers to Geant4 Monte Carlo results.
at 50, 100, and 200mm depth, for the 10 cm×10 cm ﬁeld, with
the 6-MV beam (SSD=100 cm).
Field Size 30 × 30 cm
In Fig. 5, we show experimentally measured depth-dose
curves data and Geant4Monte Carlo simulation results for the
30 cm×30 cm ﬁeld, with the 6-MV beam (SSD=100 cm).
4. Discussion
There is good agreement between computed and measured
PDD, especially for depths less than 200mm. This agreement
fails around the dose build-up point. The uncertainty in com-
putations amounts to 20% for locations deeper than 250mm
and around the dose build-up point. Usually, for larger ﬁeld
size the agreement between measurement and computation
in Z direction becomes better. With increasing depth, the
uncertainty of computed dose distribution in the lateral direc-
tion decreases from 10% to 5%. As a whole, the computational
results are satisfactory at depths between 50 and 200mm. The
results in the penumbra of the radiation ﬁeld are not reliable
and are far from the measured results. In a previous study,8
the results of Geant4 were benchmarked against experiments
up to the depth of 100mm. In the present work it is shown
that the agreement extends up to 250mm depth.
5. Conclusions
In this study, amedical linear acceleratorwas simulated based
on Siemens Primus manufacturer’s information. The results
obtained with Geant4 simulation, such as percentage depth-
dose curves and beam proﬁles for different ﬁeld sizes in a
water phantom, showexcellent agreementwith themeasured
dose data for 6-MV photons produced by the LINAC, and there
is only aminor statistical difference between the experimental
nd ra
r
modulated radiation therapy. In: Nuclear Science Symposium
Conference Record, IEEE, vol. 4. 2004. p. 2128–32.68 reports of practical oncology a
measurements and the data obtained with the Geant4 simu-
lations. This method of dose calculation can be an alternative
dosimetric tool in addition to the traditional analytical treat-
ment planning systems. By adjusting the parameters in the
modelling of the geometry, this simulation might be used for
the study of other medical LINACs’ gantries.
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